Niemann-Pick disease type C (NPC) is a fatal, neurodegenerative, cholesterol storage disorder. With new therapeutics in clinical trials, it is imperative to improve diagnostics and facilitate early intervention. We used metabolomic profiling to identify potential markers and discovered three unknown bile acids that were increased in plasma from NPC but not control subjects. The bile acids most elevated in the NPC subjects were identified as 3b,5a,6b-trihydroxycholanic acid and its glycine conjugate, which were shown to be metabolites of cholestane-3b,5a,6b-triol, an oxysterol elevated in NPC. A high-throughput mass spectrometry-based method was developed and validated to measure the glycine-conjugated bile acid in dried blood spots. Analysis of dried blood spots from 4992 controls, 134 NPC carriers, and 44 NPC subjects provided 100% sensitivity and specificity in the study samples. Quantification of the bile acid in dried blood spots, therefore, provides the basis for a newborn screen for NPC that is ready for piloting in newborn screening programs.
INTRODUCTION
Niemann-Pick disease type C (NPC) is a rare, progressive, neurodegenerative, cholesterol storage disorder. Mutations in NPC1 (95% of NPC cases) and NPC2 are responsible for NPC in humans. NPC1, a multispanning transmembrane protein, and NPC2, a soluble cholesterolbinding protein, both reside in late endosomes/lysosomes (1) . Loss of function in either protein results in lysosomal cholesterol and sphingolipid accumulation, accompanied by hallmarks of cellular oxidative stress, including increased amounts of reactive oxygen species and a marked increase in cholesterol oxidation products (2) (3) (4) . The complex lipid storage in NPC, as in other sphingolipidoses, is associated with alterations in neuronal morphology and neuronal cell loss that underlie the neuroinflammatory and neurodegenerative disease pathology (5) .
NPC encompasses a broad spectrum of systemic, neurological, and psychiatric signs and symptoms (1, 6) . Affected individuals often present in early childhood with ataxia, seizures, and progressive impairment of motor and intellectual function, and usually die in adolescence, although, increasingly, NPC is being recognized among adults with cognitive defects (7, 8) . About half of NPC patients initially present with visceral symptoms (enlarged liver or spleen or both) or neonatal cholestasis. Diagnosis of this disorder, however, has been challenging because of the nonspecific symptoms and the lack of a rapid diagnostic assay. As a result, the disease frequently goes unrecognized or misdiagnosed, with diagnostic delays averaging 4 to 5 years, during which time neurological symptoms inexorably progress and opportunities for intervention are lost. Because therapies targeting the lipid storage have been shown to be effective in preclinical models (9) (10) (11) (12) (13) (14) and clinical trials (15) , there is a pressing need for a sensitive and specific diagnostic test that can be effectively applied to newborn populations.
Current approaches for diagnosing NPC are not well suited for newborn screening. Cholesterol staining of fibroblasts using filipin, which has been the diagnostic standard, requires an invasive biopsy, takes up to 3 months, and is frequently indeterminate (8) . DNA diagnostics are not practical because of the high preponderance of private mutations causing NPC1 disease and the large number of variants of uncertain functional consequence in the NPC1 gene (16) . In contrast to many other lysosomal storage disorders (LSDs), NPC1 is not caused by mutations in a soluble enzyme, but a structural lysosomal protein. Thus, newborn screening based on enzyme activity assays is not feasible. Recently, cholestane-3b,5a,6b-triol-a cholesterol oxidation productwas shown to be a sensitive and specific marker for Niemann-Pick disease (4) , and a liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay that measures the plasma concentration of this metabolite has emerged as a diagnostic tool (17) . An oxysterol-based screen, however, is limited by the requirement for derivatization and the comigration of an interference peak that derives from the newborn screening cards and cannot be adequately resolved during a short LC run.
To identify a more suitable marker, we performed unbiased metabolomic profiling of plasma from NPC subjects, focusing on bile acids because of the known perturbations in sterol metabolism, the reports of unusual urinary bile acids in NPC (18, 19) , and the favorable chemical properties of bile acids for MS detection. Through profiling of bile acid species in the plasma from NPC subjects, we discovered an unusual b-hydroxysteroid bile acid and its glycine and taurine conjugates, which were markedly elevated in the plasma and dried blood spots of NPC1 subjects as compared with controls. Here, we describe elucidation of the structures of these bile acids, development of LC-MS/MS methodology for the analysis of bile acids in dried blood spots, and establishment and validation of a newborn screen based on quantification of the conjugated bile acid. This dried blood spotbased assay provides the basis for a screen for NPC that is ready for piloting in newborn screening programs.
RESULTS
Profiling of bile acids in NPC1 and control plasma samples To identify potential markers, we profiled bile acids in NPC1 and control plasmas using a three-tier targeted metabolomic strategy based on LC-MS/MS operated in multiple reaction monitoring (MRM) mode (Fig. 1A) . The first-tier assay included 49 MRM transitions with 17-min run time to broadly detect possible bile acids. For -tier screen  includes 49 MRM transitions (17-min run time) . Second-tier screen includes 10 MRM transitions (7.5-min run time) to characterize peaks with signal-to-noise ratio greater than five. Third-tier screen (6-min run time) quantifies unknown bile acid peaks (A, B, and C) that are elevated in NPC1 compared to control. (B) Comparison of bile acid concentration in NPC1 (n = 12) versus control (n = 11) samples obtained from second-tier profiling. Data are presented as mean fold change + SD normalized to control. *P = 0.0005, 0.0003, and 0.0007 for bile acids A, B, and C in NPC1 versus controls, respectively. CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; GCA, glycocholic acid; GDCA, glycodeoxycholic acid; GCDCA, glycochenodeoxycholic acid; GLCA, glycolithocholic acid; TCA, taurocholic acid; TDCA, taurodeoxycholic acid; TCDCA, taurochenodeoxycholic acid; TLCA, taurolithocholic acid; BA-A, bile acid A; BA-B, bile acid B; BA-C, bile acid C. (C) Comparison of bile acids A, B, and C in NPC1 (n = 12) and control (n = 11) plasma samples obtained from third-tier profiling. Data are presented as means ± 95% confidence interval (CI) peak area. P < 0.0001 for bile acids A and B in NPC1 versus controls. P = 0.0005 for bile acid C in NPC1 versus controls. (D) Correlation between bile acids A and B in NPC plasma samples, r 2 = 0.83, P < 0.0001; correlation between bile acids A and C in NPC plasma samples, r 2 = 0.39, P = 0.0008.
the second tier, 10 MRM transitions and 7.5-min run time were used to detect only those bile acids with signal-to-noise ratio greater than five. Only three MRM transitions and 6-min run time were used in the third-tier assay to confirm the three-candidate bile acid species (referred to as bile acids A, B, and C) identified by the second-tier assay. In contrast to other bile acids monitored, these three unknown species were markedly elevated in the NPC1 but not control plasma samples (Fig.  1B) . The unknown bile acids were detected in the same MRM transitions as CA, GCA, and TCA, respectively, but their retention times differed, suggesting that they might be isomers of these bile acids. Bile acids A and B were increased 41-and 144-fold, respectively, in NPC1 plasma and were able to completely discriminate between NPC1 and control plasma samples (Fig. 1C) . Plasma bile acid C was elevated sixfold in NPC1 samples (P = 0.0005), but there was partial overlap with control samples. The high correlation between the three bile acids' plasma concentrations suggested that they are related, possibly within the same metabolic pathway (Fig. 1D) . Because the bile acid C signal was 20-fold lower than those of bile acids A and B and prone to interferences from plasma, we did not pursue bile acid C further.
Elucidation of the structure of the bile acids Our strategy for identification of bile acid structures is outlined in Fig. 2A . (Fig. 2, F and G). Therefore, we converted isolated bile acids A and B into their N-(4-aminomethylphenyl) pyridinium (AMPP) amides, which produced informative charge-remote fragmentation for structure identification in HCD and identified the key fragments that can differentiate the positions of hydroxylation (Supplementary Materials and Methods and tables S1 and S2). To aid interpretation of the product ion spectra of derivatized bile acids A and B, we studied the fragmentation patterns of the AMPP derivatives of a series of bile acids and analogs 1 to 10 (figs. S1 to S12 and tables S3 to S5) and identified the key fragments that can differentiate the positions of hydroxylation (Supplementary Materials and Methods and fig. S13 ). On the basis of these fragmentation patterns, we assigned the hydroxyl groups to bile acids A and B. The structures of bile acids A and B were preliminarily proposed as 5a-cholanic acid-3b,5a,6b-triol and 5a-cholanic acid-3b,5a,6b-triol N-(carboxymethyl)-amide, respectively (Supplementary Materials and Methods and fig. S14). These structures were then confirmed by the synthesis of the reference compounds and comparative LC-MS/MS analysis of endogenous and synthesized compounds (Supplementary Materials and Methods and figs. S13 and S15).
Biosynthesis of the bile acids
Although bile acid A has been reported as a major metabolite of cholestane3b,5a,6b-triol in rat (20) , the biosynthesis of bile acids A and B in humans has not previously been described. To explore the biosynthetic route of the bile acids, we incubated the human hepatoblastoma-derived cell line Hep G2 with cholestane-3b,5a,6b-triol and 7,7,22,22-d4-cholestane-3b,5a,6b-triol. We found that bile acid A and 7,7,22,22-d4-bile acid A were produced, thus confirming that bile acid A was a product of cholestane-3b,5a,6b-triol metabolism (Fig. 3) . No bile acid B was found, consistent with the known defects in synthesis of conjugated bile acids in Hep G2 cells (21) , presumably due to deficiency of bile acid CoA:amino acid N-acyltransferase (BAAT).
Selection of bile acid marker for newborn screening of NPC1 disease
To explore the ability of bile acids A and B to serve as markers for newborn screening of NPC1 disease, we measured these metabolites in 10 NPC and 16 control dried blood spots. Bile acids A and B were elevated 12-and 101-fold, respectively, in NPC1 subjects compared to the control group (Fig. 4) . Whereas bile acid A could separate all but one control subject from NPC subjects, bile acid B could unambiguously discriminate NPC1 subjects from controls, indicating that bile acid B may be the more specific marker for purposes of a newborn screening application.
Development and validation of a two-tiered LC-MS/MS assay for bile acid B in dried blood spots
Our goal was to develop a short LC-MS/MS method (~2 min) that would allow sufficient throughput to meet a general requirement for a newborn screening assay. A major challenge for development of a high throughput LC-MS/MS method is separation of interferences from bile acid B within the short LC run time. A long LC run time (7 min) was initially developed, which separated all the interferences from bile acid B. Two interference peaks eluted closely to bile acid B (retention time at 4.05 min; Fig. 5A ). Most newborn dried blood spots only showed an interference peak that eluted at 3.85 min, whereas dried blood spots from NPC1 subjects and carriers showed an interference peak that eluted at 4.23 min. We next developed a short LC condition with a sample analysis time of 2.2 min, in which bile acid B (retention time at 1.7 min) was baseline-resolved from the major interference peak (retention time at 1.63 min) in normal newborn dried blood spots. However, under the short LC condition, bile acid B could not be separated from the interference peak in NPC1 and carrier dried blood spots. Therefore, a two-tier assay strategy was adopted, in which short (2.2 min) and long (7 min) LC conditions were used as first-and second-tier assays, respectively (Fig. 5B) . Thus, using the first-tier method, more than 500 samples per day can be analyzed. Samples with bile acid B values above the cutoff value due to inability to separate from the second interference peak could then be submitted to the highly selective second-tier assay, permitting adjudication of the false positives from the first-tier assay. Together, this tiered strategy can serve as the basis of a screen for NPC. Detailed method development is described in the Supplementary Materials. The method was validated according to commonly accepted criteria (22, 23) for sensitivity, selectivity, accuracy, precision, linearity, carryover, recovery, matrix effect, effect of spotting volumes, effect of hematocrit, effect of punch location, and stabilities in whole blood, dried blood spots, processed samples, and stock solutions (Supplementary Materials and Methods and table S8). Bile acid B was stable in dried blood spots in newborn screening cards for up to 66 days at room temperature storage. 
Establishment and validation of cutoff value for newborn screen
We used the validated bile acid B dried blood spot assay to establish the cutoff value for NPC1 newborn screening. For this training set, we analyzed dried blood spot samples from 1013 normal subjects (including 924 newborns and 89 subjects at other ages), 130 NPC1 carriers, and 25 NPC1 subjects. NPC1 and NPC1 carrier dried blood spots were obtained from previously diagnosed patients and obligate heterozygotes, respectively. The reference ranges for control, NPC1 carrier, and NPC1 subjects were <5 to 5.34, <5 to 12.5, and 5.45 to 294 ng/ml, respectively (Fig. 6A) . The only NPC1 subject with bile acid B concentration <10 ng/ml was neurologically asymptomatic and was identified because of a sibling with splenomegaly who was diagnosed with NPC1, who carried a high-frequency variant (c.665A>C, p.N222S) (16) . A cutoff at 13.5 ng/ml allowed nearly complete discrimination of NPC1 subjects from controls and NPC1 carriers.
The cutoff was validated by analysis of a second ("test") set of dried blood spot samples including 4992 normal newborns, 134 NPC1 carriers (130 carriers analyzed in the training set plus 4 new carriers), and 44 NPC1 patients. The range of bile acid B concentrations in normal newborns, NPC1 carriers, and NPC1 patients was <5, <5 to 12.4, and 15.7 to 266 ng/ml, respectively (Fig. 6B) . A cutoff of 13.5 ng/ml provided 100% sensitivity and specificity for detection of NPC1 subjects in the test set, yielding a receiver operating characteristic (ROC) area under the curve of 1.0 (Fig. 6C) . Only one normal newborn sample (0.017%) needed to be resolved using the second-tier assay. Among NPC1 subjects, there was no significant correlation between bile acid B concentration and age or disease severity ( fig. S16) . The mean bile acid B level for female NPC1 subjects was 35% lower than male subjects (P < 0.05). All the normal newborns and NPC1 carriers were below the cutoff, whereas all the NPC1 samples were above the cutoff. To assess specificity of the assay, we examined samples from patients with other disorders of sterol metabolism [acid sphingomyelinase deficiency (ASMD), cerebrotendinous xanthomatosis (CTX), lysosomal acid lipase deficiency (LALD), and Smith-Lemli-Opitz syndrome (SLOS)]. Of these, only ASMD subjects demonstrated bile acid B concentrations (36 to 92.8 ng/ml) above the cutoff (Fig. 6D ). The new screen was "benchmarked" by comparing bile acid B concentrations in dried blood spots with the plasma concentration of cholestane-3b,5a,6b-triol, the current diagnostic standard (Fig. 7) . As anticipated, there was significant correlation between the bile acid and its precursor (r = 0.59), and both assays were equally sensitive in detecting NPC1 subjects. However, the bile acid B marker was more specific, completely discriminating NPC1 subjects from NPC1 carriers and permitting proper assignment of non-NPC1 cholestasis.
DISCUSSION
A major barrier to delivery of effective treatment for NPC is the profound diagnostic delay caused by the nonspecific nature of early symptoms, genetic heterogeneity, and lack of a biochemical marker that can be applied to a dried blood spot-based newborn screen. Preclinical studies clearly demonstrate that intervention with effective treatments at this early stage, before the onset of neurological symptoms, can modify the course of the disease and extend life span (9, 13), underscoring the need for new diagnostic algorithms. To address this unmet need, we performed targeted metabolomic profiling, identifying disease markers that were markedly elevated in NPC1 subjects. The metabolite structures were identified by MS techniques and confirmed as 3b,5a,6b-trihydroxycholanic acid and its glycine conjugate. We developed and validated a high-throughput MS-based method to quantify the bile acid glycine conjugate in dried blood spots, which provides the basis for a highly sensitive and specific newborn screen for NPC that is ready for piloting in newborn screening laboratories. The bile acids identified by our profiling strategy are unusual in that they have not been reported in human plasma and have a 3b-hydroxyl-5a-hydroxyl-cholanic acid rather than the 3a-hydroxyl-5b-cholanic acid characteristic of the common circulating bile acids (24) . Although low amounts of 3b-hydroxy bile acids have been reported in human fecal contents and urine, their steroid skeletons are different from the bile acids identified in our study (18, 19, 25) . These observations suggest that the 3b-hydroxy bile acids are likely specific for distinguishing Niemann-Pick disease from other causes of cholestasis. Using stable isotope labeling, we demonstrated that 3b,5a,6b-trihydroxycholanic acid (bile acid A) is converted from cholestane-3b,5a,6b-triol in human hepatoma cells, suggesting that 3b,5a,6b-trihydroxycholanic acid may be formed in vivo in humans. Although generation of the glycine conjugate could not be tested in the cell culture model, 3b,5a,6b-trihydroxycholanic acid is likely converted in vivo by bile acid CoA: amino acid acyltransferase into its more polar glycine conjugate (bile acid B). Bile acid C is very likely a taurine conjugate of 3b,5a,6b-trihydroxycholanic acid (fig. S14C ). The marked elevation of these unusual bile acids in the plasma of the NPC1 subjects is entirely consistent with the known increases in cholestane-3b,5a,6b-triol, the metabolic precursor of these bile acids, in the plasma of NPC patients. In contrast to cholestane-3b,5a,6b-triol, which is also elevated in other disorders of sterol metabolism (ASMD, CTX, and LALD) (26) , bile acid B was elevated only in NPC and ASMD subjects. Thus, elevation of these bile acid markers appears to be a downstream consequence of both the tissue oxidative stress that is a prominent feature of inborn errors of sterol metabolism (2, 3, 27, 28) and the altered disposal of bile acids in Niemann-Pick disease (29) .
Detection of the bile acid markers in dried blood spots from newborn screening cards enabled development of a high-throughput newborn screen for NPC. The screen further incorporates a second-tier LC run, a well-accepted strategy in newborn screens to increase specificity without sacrificing sensitivity. The exceptional performance of the screen-100% sensitivity and specificity for discrimination of NPC1 subjects from controls and NPC1 carriers coupled with a 0.017% reassay rate-should minimize false positives caused by the~1% carrier frequency in the population (16) . As compared to cholestane-3b,5a,6b-triol, which is the current diagnostic standard, bile acid B eliminates the~25% overlap of NPC1 carriers that are in the NPC1 range (17) , as well as false positives among cholestatic neonates caused by interference peaks that cannot be separated in short LC runs (30) . A potential source of bias in this retrospective study, however, is that nonneonatal NPC1 patients were used as surrogates for assay validation because of the lack of authentic dried blood spots from NPC1 neonates (the carrier, and NPC1 patient, as resolved with short LC (first-tier assay) and long LC conditions (second-tier assay). Bile acid B was eluted at 1.7 and 4.05 min under short and long LC conditions, respectively. There are two interferences that eluted close to bile acid B. An interference peak that presents in most newborn dried blood spots was baseline-resolved from bile acid B under both short (1.63 min) and long LC (3.85 min) conditions. The dried blood spots from NPC1 subjects and carriers showed an interference peak that was co-eluted with bile acid B at 1.7 min under the short LC condition, but baseline-separated from bile acid B under the long LC condition at 4.23 min. (B) Algorithm for two-tier newborn screening of NPC1 disease.
youngest patient in the study was 4 months old and neurologically asymptomatic). Nonetheless, in light of case reports demonstrating marked elevation of the bile acid precursor cholestane-3b,5a,6b-triol in NPC1 and NPC2 neonates (31), it seems probable that the bile acids will be elevated in NPC patients during the neonatal period. Moreover, bile acid B concentrations were independent of age and severity of disease, suggesting that the screening test will be universally applicable to all NPC1 subjects, including neonates. Advances in MS have expanded the scope of newborn screening to more than 50 inborn errors of metabolism. MS/MS is considered the method of choice for screening of metabolic disorders, and it is widely used to screen for amino acid, organic acid, and fatty acid disorders. Recently, a multiplex MS/MS assay, which is based on use of a panel of substrates to quantify enzymatic activity, was introduced to screen for five LSDs: Fabry, Gaucher, Krabbe, Niemann-Pick A/B (ASMD), and Pompe diseases (32) . Newborn screening using this method is mandated to begin in four U.S. states (33) . There are several reasons to believe that NPC is also an excellent candidate for newborn screening. The frequency of the disorder (1:100,000) (1, 6) is comparable to the five currently screened LSDs (34) and at least twice as frequent as many commonly screened metabolic disorders (35) , and disease-modifying therapies are available (miglustat) or entering into late-stage clinical trials (2-hydroxypropylb-cyclodextrin). Moreover, as with other LSDs, it is anticipated that neonatal screening will reduce long-term morbidity, and the screening and treatment will cost less than long-term care and lost productivity Bile acid B concentrations in dried blood spots from newborn control, control at other age (>1 month old), NPC1 carrier, and NPC1 patients in a training set. Bile acid B concentrations below the LLOQ (5 ng/ml) were quantifiable, although the percent coefficient of variance (%CV) and percent relative error (%RE) for these samples were above acceptance criteria for the validated assay. Data presented on semilog plots are shown as means ± 95% CI. Samples with no detectable bile acid B peak were assigned as 0.1 ng/ml for purposes of plotting. P < 0.0001 for NPC1 versus controls and NPC1 carriers. (B) Determination of bile acid B concentrations and application of the 13.5 ng/ml cutoff to a test sample set consisting of newborn control, NPC1 carrier, and NPC1 dried blood spots. All newborn control and NPC1 samples are new samples, and carriers denoted by pink symbols are new samples. The NPC1 carriers in blue were analyzed in training set and reanalyzed in validation set. Samples were coded and randomized, and the operator was blinded to group assignment, thus reducing bias and noise/variance in the results and enabling unbiased statistical analysis of the data. Data are presented on semilog plots and are shown as means ± 95% CI. Samples with no detectable bile acid B peak were assigned as 0.1 ng/ml for purposes of plotting. P < 0.0001 for NPC1 versus controls and NPC1 carriers. (C) Application of cutoff value of 13.5 ng/ml yields sensitivity and specificity of 100%, and ROC area under the curve of 1.0. (D) Bile acid B concentrations in SLOS, ASMD, CTX, and LALD dried blood spots from cutoff validation sample set. Data are presented on semilog plots and are shown as means ± 95% CI. Samples with no detectable bile acid B peak were assigned as 0.1 ng/ml for purposes of plotting. P < 0.0001 for ASMD versus controls. x, bile acid cutoff for NPC1 carriers and controls; y, cholestane-3b,5a,6b-triol cutoff for NPC1 carriers; z, cholestane-3b,5a,6b-triol cutoff for controls. (B) The inset bounded by the dotted purple line in (A) has been expanded to more clearly compare assay specificity. (36) . Finally, coupling of the bile acid assay, which has exceptional ROCs, with a cutoff that will exclude all carriers and controls, could yield a newborn screen capable of detecting the vast majority of NPC1 cases. Determination of the positive predictive value of the assay will await prospective validation. In the future, modifications of this screen, such as elimination of LC or shifting to positive ion mode detection, could facilitate incorporation of the NPC screen into a multiplexed panel.
At present, none of the disease conditions included in the Recommended Universal Screening Panel, which is the newborn screening standard, target a disorder involving an integral membrane (nonluminal enzyme) lysosomal protein or an inborn error of sterol metabolism and trafficking. Thus, this bile acid-based NPC screen represents an important advance in neonatal screening. Broad implementation of newborn screening for NPC would eliminate the diagnostic delay and shift diagnosis of the disease to the newborn period before the onset of neurological symptoms. Drug intervention and nonpharmacological supportive care during this asymptomatic period have the potential to markedly delay disease progression and extend life.
MATERIALS AND METHODS

Study design
The study was a retrospective case-control design. Dried blood spot samples were obtained from four groups: (i) newborn controls, (ii) controls >30 days of age, (iii) NPC1 carriers (obligate heterozygotes who are parents of affected NPC1 subjects), and (iv) previously diagnosed NPC1 subjects. The goal of the study was to evaluate the performance of a dried blood spot-based newborn screen for NPC1. For this study, an assay was developed to measure bile acid B in the dried blood, and this assay met the U.S. Food and Drug Administration (FDA) guidance criteria with respect to precision, accuracy, and replication (22) . Samples were coded and randomized, and the operator was blinded to group assignment to reduce bias and noise/ variance in the results. The assay cutoff was established using a training set of samples. The cutoff was then applied in a second (test) assay using new independent samples except that NPC1 carriers analyzed in the training set were reassayed together with new carriers. Data are presented on semilog plots and are shown as means ± 95% CI. Statistical differences between the groups were determined using MannWhitney U test. The performance of the assay is presented on an ROC plot.
Chemicals and reagents DCA, CDCA, CA, a-muricholic acid, b-muricholic acid, GDCA, GCDCA, and GCA were obtained from Steraloids Inc. Bile acid structures are shown in fig. S1 . Bile acid A (37), 5-cholanic acid-3a,4b,7a-triol (7) (38), and AMPP (39) were synthesized according to the published procedures. N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 4-(dimethylamino)pyridine (DMAP), diethylamine, N,Ndimethylformamide, trisodium citrate, sodium hydroxide (NaOH), chloroform, Dulbecco's modified Eagle's medium, fetal calf serum, and penicillin G and streptomycin sulfate were obtained from SigmaAldrich. High-performance LC (HPLC) solvents (methanol and acetonitrile) were of HPLC grade and were purchased from EMD Chemicals. Milli-Q ultrapure water was prepared in-house with a Milli-Q Integral Water Purification System. Plasma and dried blood spot sample collection NPC1 dried blood spot samples were obtained from the National Institutes of Health (NIH), Rush University Medical Center, Universitätsklinikum Münster, and University of Heidelberg. NIH also provided NPC1 plasma, NPC1 carrier, and SLOS dried blood spot samples. All NPC1 and NPC1 carrier dried blood spots were obtained from previously diagnosed patients and obligate heterozygotes, respectively. Normal plasmas and dried blood spots were obtained from anonymized residual samples at St. Louis Children's Hospital and New York State Newborn Screening Program. Genzyme provided ASMD dried blood spot samples. Hospital de Clínicas de Porto Alegre provided ASMD, CTX, and LALD dried blood spot samples. All plasma samples were collected in EDTA-K2-containing tubes. The collection and analysis of deidentified human samples were approved by the Human Studies Committee at Washington University.
Analysis of clinical dried blood spot samples
All the clinical samples were first submitted to first-tier assay. Samples consisting of calibration standards in duplicate, blank, blank with internal standard, quality control (QC) samples (low QC, medium QC, and high QC), and unknown clinical samples were analyzed. The clinical samples with bile acid B above the lower limit of quantification (LLOQ) in the first-tier assay together with calibration standards, blank, blank with internal standard, and QC samples in the same batch were reassayed with the second-tier assay. The LC-MS/MS acceptance criteria were as indicated in FDA recommendations (22) .
Statistical analysis
The GraphPad Prism version 6.0 (GraphPad Software) was used to perform Mann-Whitney U test, ROC analysis, and Pearson correlations. Microsoft Excel was used for calculations of %CV and %RE. MannWhitney U test was applied to calculate differences between NPC1 and normal (control or control and NPC1 carrier) groups and between ASMD and control groups. All presented P values are two-sided, and P < 0.05 was considered to be statistically significant. Bile acid A and B correlation was analyzed using Pearson correlations because the data showed a normal distribution.
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